Thylakoids are complex sub-organellar membrane systems whose role in photosynthesis makes them critical to life. Thylakoids require the coordinated expression of both nuclear-and plastid-encoded proteins to allow rapid response to changing environmental conditions. Transport of cytoplasmically synthesized proteins to thylakoids or the thylakoid lumen is complex; the process involves transport across up to three membrane systems with routing through three aqueous compartments. Protein transport in thylakoids is accomplished by conserved ancestral prokaryotic plasma membrane translocases containing novel adaptations for the sub-organellar location. This review focuses on the evolutionarily conserved chloroplast twin arginine transport (cpTat) pathway. An overview is provided of known aspects of the cpTat components, energy requirements, and mechanisms with a focus on recent discoveries. Some of the most exciting new studies have been in determining the structural architecture of the membrane complex involved in forming the point of passage for the precursor and binding features of the translocase components. The cpTat system is of particular interest because it transports folded protein domains using only the proton motive force for energy. The implications for mechanism of translocation by recent studies focusing on interactions between membrane Tat components and with the translocating precursor will be discussed.
Introduction
Chloroplasts are dependent upon nuclear gene expression for their function and as a result have specific pathways to ensure correct import and routing of proteins into the organelle. Chloroplasts often contain upwards of 3000 individual proteins (Peltier et al. 2000) , of which the majority are nuclear-encoded and found in the stroma. Correct import and routing of cytoplasmically expressed chloroplast proteins involve synthesis of proteins as higher molecular weight precursors containing cleavable, N-terminal extensions called transit peptides, which play a role in directing or targeting the precursor to the chloroplast. Import and routing into the chloroplast may require the precursor to cross up to three membrane systems (outer chloroplast membrane, inner chloroplast membrane, and thylakoid) to reach one of three aqueous compartments (the intermembrane space, the stroma, or the thylakoid lumen). Proteins destined for the thylakoid lumen use bipartite transit peptides containing a stromal targeting domain, which promotes import into the stroma, and a lumen targeting domain, which promotes transport across the thylakoid membrane to the lumen. After successful routing of the precursors, the N-terminal extension is cleaved by specific endopeptidases. The thylakoid lumen contains 80-150 different proteins (Leister 2003; Jarvi et al. 2013 ) all of which are nuclear-encoded and must be correctly routed to the compartment to reach their site of function. Two membrane-bound protein transport systems are found in the thylakoid to assist lumen proteins across the membrane: the chloroplast secretory (cpSec) pathway and the chloroplast twin arginine transport (cpTat) pathway. The cpTat pathway is evolutionarily conserved with Tat pathways found in the plasma membranes of many prokaryotes and the mitochondrial inner membrane of some plants. The Tat pathway is so named because of twin arginines found in the targeting signal sequence. A defining feature of the Tat pathway is the capability to transport precursors with folded 1 3 domains while requiring only the proton motive force (PMF) as the source of energy, i.e., independent of NTP hydrolysis (Braun et al. 2007 ). The cpTat pathway (or Tat in Escherichia coli) comprises three membrane components, cpTatC (TatC), Hcf106 (TatB), and Tha4 (TatA) that work together to promote the transport of precursors across the membrane. The first cpTat component was identified in a maize mutant containing high chlorophyll fluorescence (hcf106) (Settles et al. 1997) , which quickly led to the identification of homologous genes and related operons in bacteria Sargent et al. 1998) . We now know that the Tat pathway is widely found in prokaryotes and prokaryote-derived organelles, particularly those in photosynthetic organisms (Dilks et al. 2003; Palmer and Berks 2012; Carrie et al. 2016) . The Tat system is predicted to be responsible for transport of < 10% of the total secretome in E. coli, most often transporting metal cofactor binding proteins that use cytoplasmic machinery for proper protein folding around the cofactor . Interestingly, about 50% of thylakoid lumen proteins are predicted to use the cpTat pathway and only few of those bind cofactors. One likely reason for maintaining the Tat pathway in chloroplasts may be that some substrates destined for the thylakoid lumen may fold rapidly in the stroma making them difficult to unfold for translocation by the cpSec system. Studies using either chloroplasts or prokaryotes, such as E. coli, have provided insight into the mechanistic capabilities of the system. As we learn more about the mechanistic capabilities, we are only now beginning to appreciate nuanced differences for each system as it is adapted to its unique environment.
Twin arginine translocase: protein components and functional requirements

Protein components cpTatC (TatC)
The mature form of cpTatC comprises six transmembrane helical (TM) domains with an apparent molecular weight of ~ 30 kDa. The N-and C-termini are found on the stromal side of the thylakoid (Fig. 1) . We now know that cpTatC exists as a heterotrimer with Hcf106 and Tha4, which serves as the cpTat receptor complex and is responsible for signal peptide binding. Signal peptide binding occurs on the stromal proximal portions of TM1 and TM2 of cpTatC (Ma and Cline 2010) . Mutational analysis of cpTatC has also shown that variations in TM5 directly impact overall complex assembly (Ma and Cline 2010) by altering the site of Hcf106 (TatB) binding ( Fig. 2 and Habersetzer et al. 2017) . Despite mutational analyses and protein interaction studies of cpTatC (TatC), concrete biophysical structural data had been lacking until recently. Currently, two solved structures of TatC purified from the thermophilic bacterium Aquifex aeolicus (Rollauer et al. 2012; Ramasamy et al. 2013) have guided recent mechanistic studies. Both structures of TatC were similar and presented an overall glove or cupped hand shape in the arrangement of the transmembrane helices where the concave face was suggested to serve as the nucleation site for the Tha4 (TatA) oligomer (Rollauer et al. 2012; Ramasamy et al. 2013) . The transmembrane helices are arranged such that TM2, TM4, and TM5 make up the palm of the glove/hand, while TM1, TM3, and TM6 bolster the convex portion of the proteins structure. Functional analysis of cpTatC and bacterial TatC has also provided insight into the requirement for specific residues in the receptor complex. For example, there is a conserved polar residue (glutamine in cpTatC/glutamate in TatC) that extends into the hydrophobic core of the membrane bilayer that when substituted in E. coli inhibits Tat transport but has a minimal effect on the thylakoid system (Holzapfel et al. 2007; Zoufaly et al. 2012; Ma and Cline 2013) . These observations taken in context with molecular dynamics simulations using the structures of the A. aeolicus TatC show that this residue is hydrated and is able to form a transient water path through the membrane which has led to the suggestion that the polar residue is able to connect the polar phases of the stroma (cytoplasm) and the lumen (periplasm) (Rollauer et al. 2012; Ramasamy et al. 2013) . Fig. 1 Models of cpTatC, Hcf106, and Tha4 oriented in a thylakoid/ plasma membrane generated in Chimera using sequence homology with identified Tat components (gray) as shown. Five iterations of cpTatC (blue) were modeled on the TatC crystal structure from A. aeolicus (Ramasamy et al. 2013 ) PDB: 4HTT by alignment of the 4HTT sequence with last 230 residues from P. sativum (Uniprot: Q94G17). Two iterations of Hcf106 (green) were modeled on the NMR structure of TatB from E. coli (Zhang et al. 2014 ) (PDB: 2MI2) from the sequence alignment between 2MI2 and Hcf106 residues 87-261 (Uniprot: Q94G16); three additional Hcf106 structures were omitted due to extreme mismatch with TatB structural features. Five iterations of Tha4 (pink) were modeled on the solution NMR structure of TatAd from B. subtilis (Hu et al. 2010 ) PDB: 2L16 from the sequence alignment of 2L16 and the Tha4 residues 55-137 from P. sativum (Uniprot: Q9XH46). Each alignment structure was generated by Modeller (Šali and Blundell 1993) in UCSF Chimera (Pettersen et al. 2004) Tha4 (TatA) and Hcf106 (TatB) Tha4 and Hcf106 are the additional protein components of the chloroplast twin arginine translocase. The bacterial homologs for these proteins are TatA and TatB, respectively. Tha4 (TatA) and Hcf106 (TatB) are quite similar in their overall predicted structure and sequence homology in both plants and bacteria (Alcock et al. 2016) and are essentially different branches of a larger TatA family proteins. Hcf106 (TatB) and Tha4 (TatA) are made up of four regions: a thylakoid lumen proximal N-terminal short TM domain, followed by a short hinge region, an amphipathic helix (APH), and an unstructured C-terminal tail (Fig. 1 ). Sequence and phylogenetic analyses have suggested that the sequence divergence of these proteins arose from a gene duplication event (Yen et al. 2002) . Although the structures of Tha4 (TatA) and Hcf106 (TatB) are nearly similar, the stochastic ratios of these proteins are quite different between the bacterial and plant systems. In the model organism Pisum sativum (garden pea), the ratio of Tha4:Hcf106:cpTatC is 21:4:1 (Celedon and Cline 2012) , while in E. coli the ratio of TatA:TatB:TatC is 75:2.5:1 (Berks et al. 2003; Jack et al. 2001; Sargent et al. 2001) . The significance of such a difference is unclear.
The Hcf106 component of the cpTat complex is found in two pools in the membrane: a heterotrimeric complex with cpTatC and Tha4 called the receptor complex and a separate free pool. High chlorophyll fluorescence106 (Hcf106) was the first protein component of the chloroplast Tat system to be identified (Settles et al. 1997) . The mature form of Hcf106 has an apparent molecular weight of ~ 29 kDa. Recent biophysical characterization of bacterial TatB by nuclear magnetic resonance (NMR) spectroscopy largely confirmed predicted structures of the N-terminal half showing the presence of the hinge region such that the TM and APH form an L-shape (Zhang et al. 2014 ). Several crosslinking studies and suppressor mutant analyses under non-transporting conditions have shown that the TM of E. coli TatB binds to a location on TM5 of TatC and in plants ( Fig. 2 ; Table 1 ) as was proposed previously (Kneuper et al. 2012; Blummel et al. 2015; Rollauer et al. 2012) . For example, a docking simulation between models of Hcf106 and cpTatC constrained by experimentally determined crosslinks demonstrates the interactions between transmembrane regions (TM5 of cpTatC) and the APH of Hcf106 with stromal facing loops ( Fig. 2 ; Table 1 ). Additional evidence for this interaction was recently shown through co-sequence evolution and molecular modeling analysis (Alcock et al. 2016) where the polar residue E8 in the TM of E. coli TatB was modeled to form hydrogen bond interactions with three residues of TatC (M205, T208, and Q215) in what the authors termed the polar cluster (Alcock et al. 2016) . These contacts were confirmed by cysteine substitution and disulfide crosslinking with the strongest interactions occurring between TatB L9 and TatC M205 and F213 (Habersetzer et al. 2017 and Table 1 ). Furthermore, topological studies of both Hcf106 and TatB have shown that the APH and C-tail regions are localized to the stromal/cytoplasmic membrane interface (Lee et al. 2006; Mori et al. 1999; Koch et al. 2012) suggesting interactions via the Hcf106 (TatB) APH and cytoplasmic loops of cpTatC (TatC). Finally, TatB-TatC crosslinks have been shown between the cytoplasmic loop 1 and the periplasmic loop 2 of TatC and the TM of TatB which are proposed to be crucial for the proper conformation of the signal peptide binding pocket (Blummel et al. 2015; Zoufaly et al. 2012 and Fig. 2 ; Table 1 ).
Tha4 is the smallest protein in the cpTat complex with an apparent molecular weight of ~ 9 kDa. Tha4 has a structural organization similar to Hcf106 as seen in the published structures of bacterial TatA showing an L-shaped structure with a hinge region between the TM and APH (Hu et al. 2010; Rodriguez et al. 2013; Walther et al. 2010) . In the same studies, TatA was shown to have shorter APH and . The central APH of Hcf106 is positioned in the vicinity of the S1 and S2 of cpTatC. Manual docking simulation to generate an Hcf106-cpTatC docking model based on biochemically determined interactions. All modeling calculations were performed using the Rosetta 3 molecular modeling suite. An N-terminally truncated amino acid sequence (72-303) of cpTatC from P. sativum (GenBank accession no. AAK93948) was homology modeled onto the backbone structure of A. aeolicus TatC using PDB code 4B4A (Rollauer et al. 2012) . A C-terminally truncated amino acid sequence (1-107) of mature Hcf106 from P. sativum (GenBank accession no. AAK93949) was homology modeled onto the structure of E. coli TatB using PDB code 2MI2 (Zhang et al. 2014) . The resulting models were used for docking exercises with Rosetta 3 (Kahraman et al. 2013 ) using known points of chemical crosslinking as constraints for docking. In brief, 1000 decoys were generated in low-resolution centroid mode and clustered in to four clusters. The lowest energy model of each cluster was then used for high resolution docking simulations with a request of 2500 decoys. More than 32,600 decoys were generated and were clustered using a custom script to pull the top 5% of structures by interface energy to generate nine clusters. Three of the five lowest energy structures by interface score were found in a single cluster 
C-tail regions than TatB (Hu et al. 2010; Rodriguez et al. 2013; Walther et al. 2010) . Despite having very similar secondary structure motifs, Tha4 and TatA have noticeable differences in their primary sequences that impact Tat function in their respective membrane environments (Hauer et al. 2017) . Tha4 (TatA) chimeras in which the TM of either the plant or bacterial protein was substituted for the opposing TM were each tested for active transport. Results showed that substituting the three amino acids in the TatA TM, S5, W7, and Q8, with the corresponding Tha4 residues, G, P, and E, was enough to restore transport with the thylakoidal Tat system (Hauer et al. 2017) . Furthermore, comparing hydrophobicity of the TMs of Tha4 and TatA showed that the TM of E. coli TatA was relatively more hydrophobic than Tha4 (Hauer et al. 2017) . Therefore, as residues of the Tha4 TM were substituted by those from the TatA TM, the hydrophobicity of the Tha4 TM increased with a concomitant decrease in cpTat transport efficiency in thylakoid membranes (Hauer et al. 2017) . The overall implication of this work is that the hydrophobicity of the TM region has evolved separately to function in the given membrane lipid composition. Thylakoid and bacterial cytoplasmic membranes have stark differences in lipid composition and, as a consequence, membrane fluidity (Cronan 2003; Sprague and Staehelin 1984) . In both plants and bacteria, Tha4 (TatA) exists mostly as a large pool of small homo-oligomers (Dabney-Smith and Cline 2009; Leake et al. 2008) . Specifically, in the thylakoid membrane during non-transporting conditions Tha4 exists as homo-tetrameric complexes that are maintained through interactions between the TMs of the individual monomers (TatC) showed that the N-terminus of Tha4 (TatA) contacts lumen loops (periplasmic loops) 2 and 3 of cpTatC (TatC), the TM helix contacts TM5 of cpTatC (TatC), and the APH interacts with the stromal/cytoplasmic regions of cpTatC (TatC) (Aldridge et al. 2014; Blummel et al. 2015; Zoufaly et al. 2012 and Table 1 ). In addition to these constitutive interactions between Tha4 and cpTatC, Tha4 was shown to form additional contacts under transport conditions with TM4 of cpTatC in a manner that suggests E10 of Tha4 is aligned with cpTatC Q234 (Aldridge et al. 2014 and Table 1 ) indicating a binding location for Tha4 in the active translocase (e.g., presence of RR signal peptide, a PMF, and the E10 of Tha4) (Aldridge et al. 2014) . Further exploration of the TM contacts of TatA with TatC in E. coli was carried out by sequence co-evolution analysis and molecular modeling. The results of this study identified several proposed interactions that occur between TatA and TatC that are very similar to the interacting locations shown between TatB and TatC (Alcock et al. 2016 ).
Functional requirements
Precursor signal sequence
Proteins that are transported across biological membranes must be targeted to the proper transport system and are Ulfig et al. (2017) often synthesized as higher molecular weight precursor proteins containing N-terminal, cleavable targeting sequences. The functional requirement of Tat-mediated transport is a specific signal peptide sequence for the initial binding with the translocase receptor complex. All known precursor substrates for the cpTat pathway contain bipartite targeting sequences: the N-terminal portion serves as a stromal targeting factor and is cleaved after import of the precursor into chloroplasts, while the C-terminal portion serves as a lumen targeting signal peptide sequence to direct precursors to the thylakoid membrane. Tat signal peptides contain three distinct regions: an amino proximal n-domain containing the obligate twin arginine (RR) motif for which the pathway is named, a hydrophobic h-domain, and a polar c-domain ( Fig. 3 and Berks et al. 2014 Berks et al. , 2000 . While there is a broad consensus in the physicochemical properties between signal peptides of bacterial and plant Tat precursors, the amino acid sequences vary. The general chloroplast twin arginine motif consensus sequence is R-R-x-h-h/u where x represents any amino acid, h represents a hydrophobic amino acid, and u represents an uncharged amino acid ( Fig. 3 and Peltier et al. 2002) . In the bacterial system, the twin arginine motif consensus sequence is S/T-R-R-x-F-L-K (Berks et al. 2000) . Following the c-domain is the cleavage site for a signal processing peptidase that recognizes a general A-x-A motif (Cline 2015) . The n-domain has been found to be of variable length with examples of signal peptides that extended beyond the RR motif such as TorA in E. coli and the chloroplast precursor OE17 (PsbQ) (Berks et al. 2000; Peltier et al. 2002) . Studies that have investigated the amino-terminal N domain in plants have shown that truncation of this extended domain improved in vitro transport efficiency for several cpTat precursor proteins (Henry et al. 1997; Ma and Cline 2000) . The RR motif is critical for transport under normal conditions where it has been shown that a mutation to twin lysines prevents signal peptide interactions with the receptor complex in several different model organisms (Henry et al. 1997; Gérard and Cline 2006; Niviere et al. 1992; Chaddock et al. 1995) . Recent work has also highlighted the importance of the signal peptide h-domain as discussed below.
Energetics
The transport of substrate proteins across biological membranes through the Tat system requires only the presence of the proton motive force (PMF) across the thylakoid or cytoplasmic membrane and does not depend upon the hydrolysis of nucleotide triphosphates (Cline et al. 1992; Mould and Robinson 1991) . Further investigations into the energetics of Tat transport were able to show that contributions from both ΔpH and Δψ (transmembrane electric potential) can facilitate active translocation in both plants and bacteria (Braun et al. 2007; Bageshwar and Musser 2007) . Experiments quantifying the PMF contribution to Tat transport showed that it facilitates transport using a fraction of the available gradient (i.e., the PMF is more than capable of supporting multiple rounds of transport without depleting the gradient, especially given that it would be most active during the daylight) and that the PMF requirement is different for each substrate (Aldridge et al. 2014; Bageshwar and Musser 2007; Braun and Theg 2008; Brock et al. 1995; Alder and Theg 2003) . It is unclear how this occurs, however. Two mechanisms have been proposed: one suggests that cpTat proton utilization is due to a proton leak, while another posits that a proteinproton motor facilitates transport (Alder and Theg 2003; Berks 2015) . Experiments aimed at understanding the role of the PMF have led to the observation that initial substrate binding to the receptor complex is not PMF dependent (Ma and Cline 2000) . However, the substrate-triggered oligomerization of Tha4 (TatA) does require a PMF and it was shown that TatA oligomers dissipate following the removal of the PMF ( Other experiments, by contrast, provided evidence that these oligomers assemble in some transport-inactive bacterial strains in the absence of a PMF (Alcock et al. 2013; Leake et al. 2008 ). This has led to speculation over the role of the PMF in energizing Tat transport with a focus on protonation events of key residues in the Tat protein components, as the PMF has not been shown to be required during the transport step. One hypothesis is that the PMF is able to protonate the membrane-embedded glutamate 10 of Tha4 such that hydrogen bonding with glutamine 234 in cpTatC is energetically more probable (Aldridge et al. 2014) . (Crooks et al. 2004 ) generated from 20 chloroplast Tat precursor signal peptides (Peltier et al. 2002) . Underneath the plot is the general architecture of chloroplast signal peptides with an extend N-terminal region, the RR motif n domain, the primarily hydrophobic h-domain, and the C-terminal domain leading to the protease cleavage site. Finally, the consensus of the cpTat signal peptides are shown where x represents any residue, h represents hydrophobic residues, and u represents an uncharged residue
Molecular mechanism of transport
Receptor complex and precursor binding
The receptor complex in the chloroplast system was originally shown to comprise a cpTatC (TatC) and Hcf106 (TatB) heterodimer in chloroplasts as well as E. coli via signal peptide binding studies and blue native polyacrylamide gel electrophoresis (Alami et al. 2003; Cline and Mori 2001) . Many of the initial binding studies of precursor in thylakoid used a modified substrate tOE17-20F containing a substitution of a phenylalanine at the − 20 position, which increased the binding affinity (Gérard and Cline 2007; Celedon and Cline 2012) . These studies revealed that there are two binding modes for cpTat substrate signal sequences: a weak binding mode and a tightly bound, more deeply inserted mode (Gérard and Cline 2007; Celedon and Cline 2012) . It was also noted that the deep binding mode was triggered by the accumulation of the PMF, which was also shown in E. coli (Gérard and Cline 2007; Blummel et al. 2015; Bageshwar and Musser 2007) . Several studies including crosslinking, calorimetric binding, and genetic studies have been used to elucidate the precise binding location of the signal peptide in the receptor complex (Rollauer et al. 2012; Ma and Cline 2013; Zoufaly et al. 2012; Kreutzenbeck et al. 2007; Strauch and Georgiou 2007 and Table 1 ). In plants, it has been shown that the signal peptide primarily interacts with the N-terminal region and the first stromal loop of cpTatC (Gérard and Cline 2007; Ma and Cline 2013) . Furthermore, the hydrophobic region (h-domain) of the signal peptide contacts Hcf106 (TatB) in an inverted hairpin shape after binding (Gérard and Cline 2006; Alami et al. 2003; Fincher et al. 1998; Hou et al. 2006; Frobel et al. 2012) . This configuration of the signal peptide places the h-domain in the membrane in close proximity to the TM of Hcf106 (TatB) which has been confirmed by photocrosslinking experiments (Alami et al. 2003; Gérard and Cline 2006; Blummel et al. 2015 and Table 1 ). More recent experiments in E. coli demonstrate that unfolding of the hairpin conformation of the bound signal peptide is critical for transport of the mature domain (Hamsanathan et al. 2017) . Recent work also in E. coli has made the case for the role of the h-domain in precursor binding to the receptor complex (Ulfig et al. 2017; . These results showed that increases in the hydrophobicity of the h-region could improve transport efficiency of precursors containing lysine (or other) substitutions for the arginines (Ulfig et al. 2017; . These observations suggest that Tat signal peptides evolved to contain the twin arginine motif and an overall lower hydrophobicity in the h-region as a means to prevent targeting to the Sec translocon Ulfig et al. 2017) . Additional precursor binding studies in plants demonstrated that each cpTatC in the complex was capable of binding substrate proteins in a non-cooperative manner such that each can transport substrate independently (Celedon and Cline 2012) . These results support a model in which cpTat operates more efficiently during the biogenesis of thylakoids and the chloroplast maturation process, which would have high demand for protein transport (Celedon and Cline 2012) . However, a cooperative manner of cpTatC (TatC) function cannot be ruled out, as evidenced by the ability of (cp)Tat to transport crosslinked precursors or heterodimeric precursors with two signal peptides, which suggest that at least two receptor complexes may function together to transport homooligomeric substrate proteins (James et al. 2013; Ma and Cline 2010) .
In addition to studies focused on the interactions between substrate precursors and the receptor complex, recent work has taken aim at further defining the contacts between cpTatC (TatC) and Hcf106 (TatB). In thylakoid, the TM of Hcf106 can be shown to interact with TM5 of cpTatC and to a lesser extent TM1/2 (QM and CDS personal communication and Table 1 ). Comparable results were demonstrated in E. coli both computationally by sequence co-evolution analysis and molecular modeling as well as experimentally (Alcock et al. 2016) . Interactions between adjacent TatC monomers were also modeled where the periplasmic cap of one TatC monomer interacted with another TatC monomer matching crosslinking evidence found in several studies (Alcock et al. 2016; Ma and Cline 2013; Cleon et al. 2015; Blummel et al. 2015; Zoufaly et al. 2012 and Table 1 ). These TatC-TatC contacts lead to a model of the translocase that functions as multimers of TatBC. The receptor complex has been shown to exist as a large oligomer of 3-4 heterodimers Bolhuis et al. 2001; Tarry et al. 2009 ). The requirement of multiple receptor complexes functioning together as one was tested by introducing mutations that disrupted interactions between Hcf106 (TatB) and cpTatC (TatC), which prevented substrate binding and transport, while mutations in the RR binding location of cpTatC (TatC) still allowed translocase assembly (Ma and Cline 2013; Buchanan et al. 2002) . The presence of a large oligomeric receptor complex is also supported by data showing that disulfide crosslinking of individually bound substrate after binding to the receptor did not prevent Tat function Cline 2010, 2013; Aldridge et al. 2014) .
Translocase assembly
Studying the assembly of the Tat system prior to transport is an active area of research and recent studies in both thylakoid and bacteria have shed some light on the process.
Translocase assembly begins with the binding of the precursor signal peptide to the receptor complex followed by PMF-dependent Tha4 (TatA) oligomerization and assembly with the precursor-bound receptor (Dabney-Smith et al. 2006; Dabney-Smith and Cline 2009; Mori and Cline 2002) . Recent work has focused on gaining a better understanding of the molecular mechanisms of translocase assembly. Biochemical crosslinking assays, in both thylakoid and bacteria, showed that the binding of the signal peptide to the receptor complex altered interactions between cpTatC (TatC) and Hcf106 (TatB), which then promoted an interaction of Tha4 (TatA) with the core of the translocase (Aldridge et al. 2014; Blummel et al. 2015 and Table 1 ). In addition, studies in E. coli examined suppressor mutants in TatB that restored the transport of precursor in cells containing variants of TatC unable to bind the RR motif of the signal peptide or precursors lacking a signal peptide . Furthermore, it was shown that the suppressor mutation, F13Y, in TatB was able to restore TatA oligomerization with the receptor complex without being able to biochemically detect the binding of substrate to the translocase , suggesting that this suppressor mutant causes a conformational change in the receptor complex that promotes TatA oligomerization at the receptor despite the lack of bound substrate . Multiple TatAC and TatBC interactions were also predicted based on sequence co-evolution analysis and molecular dynamics simulations (Alcock et al. 2016) . TatBC interactions were predicted to occur between the TM of TatB and specific residues of the TatC TM5-loop-TM6 regions (Alcock et al. 2016 ) and experimentally confirmed in E. coli (Habersetzer et al. 2017 and Table 1 ). These data suggest a model of translocase assembly in which TatB is displaced from the polar cluster binding site upon precursor binding, which then allows TatA to enter the translocase to bind at the translocase active position in the cleft between TatC TM2 and TM4 (Alcock et al. 2016; Habersetzer et al. 2017) . Binding of the TM of Tha4 to TM4 of cpTatC was shown in thylakoid (Aldridge et al. 2014 and Table 1 ); however, Tha4 switching or exchanging with Hcf106 has not been demonstrated in thylakoid. Stable interactions between the TM of Tha4 and TM5 of cpTatC are enhanced in the presence of signal peptide binding while still being present in its absence (Aldridge et al. 2014) , which suggests the models of translocase assembly in plants and E. coli may have nuanced differences. In plants, the current evidence suggests a model of translocase assembly in which Hcf106 acts as gate that prevents the flow of Tha4 into the translocase. Upon signal peptide binding to the receptor complex, the receptor complex undergoes a conformational change that allows additional Tha4 to enter into and oligomerize in the translocase core, e.g., near TM4 of cpTatC (Fig. 4) . In E. coli, the evidence gathered supports a (Alcock et al. 2016; Habersetzer et al. 2017) model where binding of the precursor displaces TatB from its binding site at the polar cluster which is followed by the binding of TatA in the same region, the swapping mechanism (Fig. 4 and Alcock et al. 2016 ).
Models of translocation
Two key criteria must be satisfied for the transport of precursors. First, the system must be able to accommodate folded domains of precursors with various cross-sectional diameters, and second, the membrane must not lose its ion impermeability because of transport so as to maintain the PMF. Several models have been suggested to describe how the translocase might adapt to the different sizes and shapes of transporting substrates while maintaining the ion impermeability of the membrane. One model suggests that the transport event occurs by inversion of the APH of Tha4 (TatA) into the pore such that the hydrophilic residues line the channel in a charge-zipper mechanism (Walther et al. 2013) . However, this model seems highly unlikely and has been countered by studies in plant and bacterial systems that have shown no inversion of the Tha4 (TatA) APH occurs during transport Aldridge et al. 2012; Koch et al. 2012; Pal et al. 2013) . Furthermore, recent in vivo analysis in E. coli demonstrated that several amino acid substitutions that would disrupt the charge zipper interactions failed to prevent TatA oligomerization demonstrating that when key residues implicated in salt bridge formation had their charges reversed, transport efficiency was not restored as would be expected in the charge-zipper mechanism .
A second model suggests that cpTatC (TatC) and Hcf106 (TatB) form the channel and that Tha4 adjusts the size of the opening to accommodate the precursor (Robinson and Bolhuis 2004) . A third model suggests that cpTatC (TatC) pulls precursor through bilayer regions that are destabilized by the amphipathic helices and atypically short transmembrane regions of a Tha4 (TatA) oligomer (Brüser and Sanders 2003) . In this third model, the presence of excess Tha4 (TatA) would cause localized disruption of the bilayer through a pinching or compressing of the bilayer. Support for this model was shown through experiments aimed at determining the stability of TatA oligomers in detergents and lipid bilayers. It remains to be determined if cpTatC (TatC) pulls precursor through the membrane, but aside from that aspect of this model, there is much that accounts for the experimental evidence. For example, molecular dynamics simulations suggested that tetramers and nonamers of TatA were capable of disrupting lipid bilayers (Rodriguez et al. 2013) . Further evidence for the strength of this model has been shown by topology studies in thylakoid membranes in which the APH of Tha4 was shown to be angled in a manner that relieved the hydrophobic mismatch under non-transporting conditions but then shifted to a more even partitioning at the stromal interfacial region during transport (Aldridge et al. 2012) . Crosslinking analysis has also shown that the Tha4 TM binds the TM4 of cpTatC in manner that would localize the APH to the interfacial region during transport (Aldridge et al. 2014 and Table 1 ). Further evidence has been collected for the quantity of Tha4 (TatA) in an active translocase by fluorescence imaging and kinetic analyses where the total is ~ 25 monomers (Celedon and Cline 2012; Leake et al. 2008) . Additional quantification of Tha4 in an active translocase was determined by disulfide crosslinking studies in the presence or absence of precursor or signal peptide where the total monomeric count of Tha4 was 8-16 (Dabney-Smith and Cline 2009 and Table 1 ). Thus, the quantities of Tha4 (TatA) present in the active translocase can feasibly disorganize the lipid environment enough to facilitate precursor protein transport with the previously mentioned proton flow but without complete disruption of the membrane.
A fourth model suggests that Tha4 (TatA) oligomerizes to form the primary point of passage in the membrane that then facilitates transport Gohlke et al. 2005; Sargent et al. 2006 ). This latter model describes a mechanism where cpTatC (TatC) and Hcf106 (TatB) receptors in complexes serve as a nucleation site for Tha4 (TatA) assembly and as a proteinaceous annulus to contain the assembled Tha4, placing the point of passage on the inside of the ring of receptor protein as drawn from data collected showing multiple, differently sized Tha4 (TatA) oligomers that were isolated from transporting or non-transporting membranes using detergent extraction (Gohlke et al. 2005; Dabney-Smith et al. 2006; Sargent et al. 2006; DabneySmith and Cline 2009; Alcock et al. 2016 ).
Another likely model is a combination of the second and fourth models where cpTatC-Hcf106 (TatC-TatB) heterodimers associate as higher ordered complexes that form a proteinaceous annulus around the oligomers of Tha4 (TatA) to restrict the area of disruption by the accumulated Tha4 (Fig. 5 and Cline 2015) . This is an attractive model because it takes into account the necessity to maintain the ion impermeability of the membrane, while allowing a weakening or thinning of the membrane for translocation to occur. At rest the large (e.g., tetramer or higher of a cpTatC-Hcf106-Tha4 trimer) receptor complex is held together through the presence of Hcf106 and/or Tha4, which interact with TM1 on one cpTatC and TM5 of another to create a ring. The presence of the precursor and binding of its signal peptide disrupts the interaction between Hcf106 and TM1 of a cpTatC, disrupting the large ring and promoting the influx and interaction of Tha4 with TM4 of cpTatC. At this stage, the PMF provides the neutralization of charge in the TM regions of Tha4 and Hcf106 to promote packing and oligomerization 1 3 of Tha4 protomers. Tightly packed Tha4 in its transport active conformation (Aldridge et al. 2012) in the interior of the receptor ring would provide the membrane instability through thinning or weakening to allow precursor mature domain to pass. How the precursor would pass through the membrane at that point is still unknown and is an area of active investigation. Regardless of the actual process of passage, it seems likely that the signal peptide remains attached and unfolds or unhinges as the precursor traverses the membrane (Hamsanathan et al. 2017; Gérard and Cline 2006) .
Future perspectives
Despite the new evidence that has clarified the interactions between the receptor complex proteins, Tha4 (TatA), the signal peptide, and the precursor protein, questions remain to be answered regarding the twin arginine translocase. One such question is what is the molecular mechanism by which Tha4 (TatA) oligomers facilitate protein transport through the membrane bilayer? Answering this question may involve manipulation of the native lipid environment to determine the degree of membrane fluidity required for Fig. 5 Proposed model of cpTat function. a cpTat in the receptor complex state where each cpTatC (blue) is bound to Hcf106 (green) and Tha4 (pink). b Precursor proteins (yellow) bearing the RR motif bind to the receptor complex. In this depiction of active cpTat, two precursors are bound to opposing RR binding sites. c Upon stimulation of cpTat by the PMF, Tha4 nucleates in the interior cavity of the translocase to facilitate transport through the thylakoid membrane. d The signal peptide is cleaved from the transported protein by a luminal peptidase and the new mature protein diffuses away to its location of function. The additional Tha4 also dissociates from the central cavity and the translocases returns to the receptor complex state, ready for a new round of precursor binding and transport transport. Another avenue of study will be to examine the apparent difference between Hcf106 (TatB) function during the assembly of the translocase in chloroplasts and E. coli. Another area yet to be examined is the in vivo state of Tha4 (TatA) oligomers in an active translocase at physiological levels. A more specific avenue of study is to determine if a polar cluster mediates the interactions between cpTatC and Hcf106/Tha4 in a comparable manner to E. coli. Another avenue of research into the overall structure of the twin arginine translocase is to purify a stalled translocase described by Aldridge et al. (2014) and subject it to a battery of biophysical techniques. This is of course easier said than done given the transient nature and inherent heterogeneity of the Tat pathway.
